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sume	 a	 range	 of	 prey	 may	 present	 intermediate	 morphology,	 such	 as	 that	 of	
Thamnophiine	(Natricinae),	which	may	be	classified	morphometrically	across	the	soft–
hard	prey	dietary	boundary.	In	this	study,	we	compared	the	dentition	and	head	struc-





maxillary	 teeth	yielded	 three	 significant	 canonical	 variables	 that	 together	explained	
98.8%	of	 the	variance	 in	 the	 size-	corrected	morphological	data.	The	 first	 canonical	
variable	significantly	discriminated	between	the	three	species.	The	results	show	that	
head	dimensions	and	number	of	teeth	of	the	two	Regina	species	are	more	similar	to	
those	 of	 crayfish-	eating	 T. melanogaster	 than	 to	 non-	crayfish-	eating	 snakes	 or	 of	
T. eques.	It	is	unclear	how	particular	head	proportions	or	teeth	number	facilitates	cap-
ture	of	crayfish,	but	our	 results	and	 the	 rarity	of	 soft	crayfish	 ingestion	by	T. mela-
nogaster	may	reflect	the	novelty	of	this	niche	expansion,	and	are	consistent	with	the	
hypothesis	 that	 some	 populations	 of	T. melanogaster	 have	 converged	 in	 their	 head	
morphology	with	the	two	soft	crayfish-	eating	Regina	species,	although	we	cannot	rule	
out	the	possibility	of	a	morphological	pre-	adaptation	to	ingest	crayfish.
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1  | INTRODUCTION
Some	of	the	most	compelling	test	cases	for	adaptive	evolution	involve	
morphological	 convergence	 (Schluter,	 2000),	 which	 is	 predicted	 to	
evolve	when	organisms	experience	similar	functional	demands	on	their	
phenotype	(Schluter,	2000;	Vincent,	Brandley,	Herrel,	&	Alfaro,	2009).	











as	 targeting	 arthropods	 when	 they	 are	 vulnerable,	 such	 as	 when	
molting,	as	the	hard	exoskeleton	is	both	slippery	to	grasp	and	hard	
to	pierce.
The	 tribe	 Thamnophiine	 (family	 Natricinae)	 comprising	 North	
American	 semi-	aquatic	 snakes,	 includes	 Thamnophis melanogaster 
(Mexican	black-	bellied	garter	snake),	an	aquatic	dietary	specialist	that	
is	 sympatric	with	 a	 freshwater	 crustacean,	 the	 crayfish	Cambarellus 




et	al.,	 2013).	 Extensive	 dietary	 studies	 of	 Thamnophis	 species	 have	
failed	to	reveal	crayfish	ingestion,	except	in	a	rare	record	for	T. proxi-
mus	(0.8%	of	individuals	with	crayfish	in	stomachs;	Hampton	&	Ford,	












We	 explored	 possible	 morphological	 differences	 in	 dentition	
and	 head	 structure	within	 T. melanogaster	 by	 comparing	 individuals	
from	 crayfish-	eating	 versus	 non-	crayfish-	eating	 populations	 and	 in-
cluded	 in	 this	 comparison	 both	 soft	 crayfish-	eating	 Regina	 species	
and	the	aquatic	generalist	Thamnophis eques	 (Mexican	garter	snake).	
Thamnophis eques	 is	 sympatric	with	T. melanogaster	over	most	of	 its	




Consuming	 soft	 crayfish	 may	 not	 require	 specialized	 teeth,	 but	





Thamnophiine	 species	 might	 be	 classified	 morphometrically	 across	
the	 soft–hard	 prey	 dietary	 boundary.	 They	 concluded	 that	 the	 soft	
crayfish-	eating	 species	 of	 Regina	 have	 skulls	 of	 similar	 dimensions	
to	those	of	two	Thamnophiine	species	of	Nerodia,	which	feed	mainly	
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Smith,	 1960),	 and	 their	 teeth	 are	 sharp,	 curved,	 and	oriented	back-
wards	 as	 in	 most	 generalist	 relatives	 Thamnophiine	 (Myer,	 1987;	








backward-	directed	maxillary	 teeth,	 suitable	 for	piercing	 through	soft	
skin	 (Rossman	et	al.,	1996).	This	species	 is	 located	within	the	mono-
phyletic	 group	of	 garter	 snakes,	whereas	Regina	 is	 polyphyletic	with	
respect	 to	 other	 thamnophiines	 (Alfaro	 &	Arnold,	 2001;	 Guo	 et	al.,	
2012;	McVay	&	Carstens,	2013;	de	Queiroz	et	al.,	2002).	This	suggests	
that	crayfish	ingestion	has	arisen	independently	among	Regina	species	
via	 evolutionary	 convergence	 associated	with	 the	 ingestion	 of	 soft-	
versus-	hard	 crayfish.	Thamnophis eques	 feeds	on	 soft	 prey,	 primarily	
leeches,	fishes,	and	frogs	(Table	1;	Macías	Garcia	&	Drummond,	1988;	
Drummond	&	Macías	Garcia,	1989;	Rossman	et	al.,	1996).
2  | MATERIALS AND METHODS
We	measured	80	crayfish-	eating	T. melanogaster	individuals	from	10	
populations	(Manjarrez	et	al.,	2013)	and	88	non-	crayfish-	eating	indi-


















highly	correlated	with	the	three	head	measures	 in	T. eques	and	 in	the	







pared	using	one	ANCOVA	 for	 each	 species	 (n	=	5)	 and	head	meas-
urement	 (n	=	4),	entering	SVL	as	a	covariate	 (n	=	20	ANCOVAs;	 see	
Appendix	3).	 In	 general,	 these	 comparisons	 did	 not	 indicate	 differ-





populations	of	T. melanogaster	are	similar	to	those	of	R. septemvittata 
TABLE  1 Mean	snout–vent	length	(SVL	±	1	SD,	range)	of	the	species/morphs	Regina grahamii, Regina septemvittata, Thamnophis eques,	and	
two	dietary	morphs	of	Thamnophis melanogaster	(Natricinae	Thamnophiine)	and	their	reported	prey
Species n
Snout–vent length ± SD, 
(range) Prey Reference of prey reported in the diet
Regina grahamii 19 30.8	±	19.8	(18.0–77.0) Newly	molted	soft	crayfish	 Burghardt	(1968),	Mushinsky	and	
Hebrard	(1977),	Godley,	McDiarmid,	
and	Rojas	(1984)	
Regina septemvittata 81 29.6	±	14.9	(11.5–65.0) Newly	molted	soft	crayfish Burghardt	(1968);	Godley	et	al.	(1984)	
Thamnophis melanogaster
	Noncrayfish	eating	 88 39.5	±	9.7	(19.3–59.5) Leeches,	worms,	fish,	tadpoles	 Manjarrez	et	al.	(2013)
	Crayfish	eating 80 38.4	±	11.1	(15.0–56.5) Leeches,	worms,	fish,	tadpoles,	
crayfish	
Manjarrez	et	al.	(2013)











jaw	 length	 (all	 log-	transformed	because	of	 the	 lack	of	homoscedas-
ticity	 and	 skewed	 distributions)	 and	 number	 of	 teeth,	 on	 SVL.	 The	
grouping	variable	was	snake	species/dietary	morph	(R. septemvittata,	
R. grahamii, T. eques, T. melanogaste	 crayfish-	eating, T. melanogaste 
noncrayfish	 eating).	 We	 compared	 the	 canonical	 variates	 among	
groups	using	one-	way	ANOVAs	and	explored	the	distribution	of	the	





The	 residuals	of	number	of	 teeth	and	 jaw	 length,	head	 length,	and	
head	width	on	SVL	contributed	significantly	to	the	discriminant	func-










of	 T. melanogaster	 (Table	2).	 Among	 non-	crayfish-	eating	 T. mela-






and	 crayfish	 eating	 respectively),	 compared	 to	 only	 18%	of	Regina 
individuals	being	incorrectly	assigned	to	the	wrong	species.
Values	of	CV1	obtained	from	the	discriminant	function	analysis	
of	 morphological	 variation	 among	means	 of	 snake	 species	 (which	





R. grahamii R. septemvittata
T. melanogaster
T. equesCrayfish eating Noncrayfish eating 
Regina grahamii 19 0 18 1 0 0
Regina septemvittata 81 0 80 1 0 0
Thamnophis melanogaster 
	Crayfish	eating 81 0 7 47 23 4
	Noncrayfish	eating	 88 0 14 23 47 4
T. eques 42 0 6 5 4 27
Wild-	caught	Thamnophis	and	museum	Regina	specimens	were	used	(see	Materials	and	Methods).
Morphological variable CV 1 CV 2 CV 3
Head	width −0.178 −0.260 −0.575
Head	length −0.114 0.259 −0.021
Jaw	length 0.296 −0.473 0.136
Number	of	teeth −0.195 −0.049 0.159







One-	way	ANOVA	F	(df) 29.8	(16,	923) 21.9	(9,	737) 10.5	(4,	608)































to	define	 a	morphological	 space	 that	 is	 shared	by	both	 species	 of	




difference	 between	 the	 two	 morphs	 of	 T. melanogaster.	 Crayfish-	
eating	T. melanogaster	had	2.28	more	teeth	than	non-	crayfish-	eating	
conspecifics	 (Student-	t187	=	2.92,	 p = .001),	 which	 themselves	 had	




























between	 the	 several	 species/morphs	 examined,	 yet	 we	 also	 found	



























Snakes	 preying	 on	 soft	 crayfish	may	 occasionally	 attack	 slightly	
harder	 ones	 as	 these	 occupy	 the	 same	 refuges	 and	 their	 surface	




































Regina	 species	 and	 T. melanogaster	 cluster	 together	 and	 away	 from	 
T. eques	(Figure	2).	Thamnophis	is	a	monophyletic	group	that	originated	











In	 conclusion,	 our	 analyses	 suggest	 that	 T. melanogaster	 shows	
morphological	 convergence	 in	head	and	 tooth	parameters	with	 two	
Regina	 species,	 potentially	 associated	with	 the	 ingestion	 of	 a	 novel	
prey,	newly	molted	crayfish,	by	the	genus	Thamnophis.
TABLE  4 Canonical	means	used	in	the	classification	of	individual	




Snake species/morph CV 1 CV 2 CV 3
Regina grahamii 1.320 0.634 0.458
Regina septemvittata 1.399 0.198 −0.060
Thamnophis melanogaster
	Crayfish	eating −0.962 0.350 0.414
	Noncrayfish	eating −0.679 0.243 −0.458
Thamnophis eques −0.041 −1.847 0.0817
Thamnophis	 (wild-	caught)	and	Regina	museum	specimens	were	used	(see	
Materials	and	Methods).
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Species/morph Juvenile Adult Threshold SVL
Thamnophis melanogaster
 Crayfish	eating 24	(30%) 56	(70%) 33
 Noncrayfish	eating 21	(24%) 67	(76%) 33
Thamnophis eques 3	(7%) 39	(93%) 39
Regina grahamii 11	(58%) 8	(42%) 31
Regina septemvittata 48	(59%) 33	(41%) 35.5
APPENDIX 2 Pearson	correlation	coefficients	between	Gape	index	(Miller	&	Mushinsky,	1990)	and	1)	jaw	length,	2)	head	length,	and	3)	head	
width	of	snake	species/dietary	ecotypes	Regina septemvittata,	R. grahamii,	Thamnophis eques,	and	crayfish-	eating	and	non-	crayfish-	eating	T.	
melanogaster
Snake species/morph df Jaw length Head length Head width
Regina grahamii 17 0.008 −0.166 0.032
Regina septemvittata 79 0.191 0.195 0.105
Thamnophis melanogaster
 Crayfish	eating 78 0.960* 0.733* 0.866*
 Noncrayfish	eating 86 0.957* 0.721* 0.821*










1,	16 0.32	(0.58) 0.13	(0.73)	 0.10	(0.76)	 0.28	(0.87)	
Regina septemvittata
28	males:	30	females




1,	77 0.68	(0.41) 1.50	(0.21) 3.40	(0.07) 0.005	(0.94)
	Noncrayfish	eating 
52	males:	40	females
1,	85 2.30	(0.13) 0.83	(0.36) 7.04	(0.01) 0.38	(0.53)
Thamnophis eques
23	males:	19	females
1,	39 4.40	(0.04) 4.70	(0.03) 1.0	(0.33) 0.45	(0.50)
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Thamnophis melanogaster Mean crayfish abundance in pond ± SD Number of locations sampled Student’s t test
Crayfish	eating	 0.66	±	1.2 9 t = 0.58 
p = .23Noncrayfish	eating	 2.08	±	3.03 8
